Introduction
The C. elegans sax-1 and sax-2 genes are required for the maintenance and stabilization of neuron morphology Neurons in the adult nervous system have an aston- (Zallen et al., 1999 (Zallen et al., , 2000 . Many classes of neurons in ishing diversity of axonal and dendritic morphologies.
sax-1 and sax-2 mutants appear normal at hatching, but While great strides have been made in understanding secondary neurites emerge from the cell body during mechanisms of axon and dendrite guidance, less is later larval stages. sax-1 encodes a conserved NDR famknown about the cues that regulate neurite termination ily serine/threonine kinase (Tamaskovic et al., 2003) . This and the transition from neurite outgrowth to morphologifamily includes the vertebrate NDR kinases Drosophila cal stability (Dickson, 2002; Jan and Jan, 2003) . Accurate Tricornered, Saccharomyces cerevisiae Cbk1, Schizosactermination of dendrite outgrowth is particularly imporcharomyces pombe Orb6, and Neurospora crassa Cot-1. tant for neurons that process spatial information about A common theme in NDR kinase function is the promothe environment. For example, dendritic arbors of each tion and maintenance of asymmetric growth. Cot-1 proretinal ganglion cell process information about a unique motes hyphal tip elongation and prevents excess portion of the visual world (Wassle et al., 1981; Wassle branching; Orb6 is required for cell polarity and elongaand Riemann, 1978). Similarly, mechanosensory dention; Cbk1 promotes elliptical and apical growth; and drites cover defined regions of the body surface to perTricornered prevents the growth of ectopic cellular exmit animals to identify the precise location of an external tensions (hairs and bristles) from epithelial cells on the stimulus. The spatial maps in visual and somatosensory body surface. Yeast NDR kinases also regulate the cell systems are generated by a pattern of dendrite terminacycle, but this function is not observed in C. elegans tion called tiling, in which neurons within a given class and Drosophila NDR mutants. show nearly complete dendritic coverage and minimal While previous studies have shown that sax-1 and overlap (Grueber et al., 2001 (Grueber et al., , 2002 . Some classes of sax-2 are required for the inhibition of secondary neurite tiled neurons persistently inhibit each other's extension, formation, the present study asks if these genes also play a role in primary neurite outgrowth. To address this question, we examined process growth in animals anosensory neurons. Here, we define the developmental required for the inhibition of primary neurite outgrowth and segregation of ALM and PLM dendritic fields.
Results

sax-1 and sax-2 Inhibit Primary Neurite
Growth of PLM sax-1 and sax-2 prevent secondary neurite formation in a wide variety of neurons (Zallen et al., 1999 (Zallen et al., , 2000 . To ask whether sax-1 and sax-2 also regulate primary neurite formation, we examined dendrites of ALM and PLM during the fourth larval stage (L4) in wild-type, sax-1, and sax-2 animals expressing a touch cell reporter transgene, mec-4::gfp. PLM was scored as overlapping with ALM when the PLM neurite extended anterior to the ALM cell body ( Figure 1A ). In wild-type animals, only 1.9% (n ϭ 252) of ALM and PLM neurites overlapped in their extension along the lateral body. In contrast, 33% and 50% of ALM and PLM neurites overlapped along the anteroposterior axis in sax-1 and sax-2 mutant animals, respectively ( Figure 1B ). Because ALM and PLM neurites extend within distinct sublateral tracts, direct contact between the overlapping ALM and PLM neurites was rare.
Overlap between ALM and PLM in sax-1 and sax-2 mutants could result from overextension of the PLM neurite, posterior misplacement of the ALM cell body, a decrease in body size, or a combination of the above. To distinguish between these possibilities, we measured results were obtained when measurements were taken from the PLM cell body (data not shown).
Double mutant analysis has placed sax-1 and sax-2 events that generate nonoverlapping ALM and PLM dendritic fields, demonstrating that the initial imprecise terin a common genetic pathway for secondary neurite formation (Zallen et al., 2000) . To determine if sax-1 mination of the PLM neurite is followed by a discrete period of refinement. We show that sax-1 and sax-2 are and sax-2 also function in the same pathway to inhibit primary neurite growth, PLM neurite lengths in sax-1; sax-2 double mutants were compared to single mutant animals. As expected of genes functioning in the same pathway, PLM neurite lengths did not differ significantly in the sax-1;sax-2 double mutant (94 Ϯ 3.6 m) compared to sax-2, the more severe single mutant (Figure 1E) . These results suggest that sax-1 and sax-2 function in the same genetic pathway to inhibit outgrowth of the primary PLM neurite, contributing to the formation of nonoverlapping ALM and PLM sensory fields. The sax-1 mutant phenotype is significantly less severe than sax-2 (p Ͻ 0.001), suggesting that sax-1 may function in parallel with another gene in the sax-1/sax-2 pathway.
Wild-Type PLM Neurites Overlap Transiently with ALM To understand how the overextension defect in sax-1 and sax-2 mutants might arise, we first examined PLM development in wild-type animals.
Outgrowth of the PLM dendrite begins in the embryo. At hatching, wild-type PLM neurites were on average 59 m long with a ratio of PLM length to animal length of 0.31. By 3 hr post hatching (HPH), the average PLM neurite was 92 m long with a PLM/length ratio of 0.45 (Figures 2A and 2C ). During this period, the growth rate of PLM exceeded the growth rate of the animal by 9.3-fold ( Figure 2E ). Consistent with active outgrowth and guidance, 80% of PLM neurites were tipped by growth cone-like structures at hatching, a percentage that steadily declined with time ( Figure 2D ). To our surprise, by 2 HPH the majority of PLM neurites had bypassed their normal termination site near the gonad, resulting in overlap between ALM and PLM neurites. By 3 HPH, overlap was observed in 83% of ALM/PLM neuron pairs ( Figure 2B ; Figures 3A and 3B) .
Over the next 8 hr, the relative position of the PLM termination site shifted posteriorly. At 3 HPH, the PLM/ length ratio peaked at 0.45, then declined to 0.39 by 11 HPH ( Figure 2C ). This decline was due to slowed PLM process growth at a time when body growth began to From the second larval stage to adulthood, the PLM of PLM termination was essentially unaffected ( Figure  4B ). This result demonstrates that PLM can terminate neurite grew almost linearly with the growth of the animal (Figures 2C and 2E) . The slight increase in the PLM/ at the correct location in the absence of ALM. Moreover, in the cell migration mutant cam-1, in which ALM cell length ratio (0.39 to 0.43 within a 21 hr window) likely reflects a change in the relative size of the head with bodies are often anteriorly misplaced, the position of PLM neurite termination was not significantly shifted respect to the rest of the body. When the ratio of PLM length to body length (not including the head) was calcuwhen the ALM cell body was anterior to its normal position (data not shown). lated, the rate of growth was linear ( Figure 2F ). These results suggest that neurite growth after the second In lin-30 mutant animals, ALM is never generated. To ask if a late loss of ALM could affect the position of larval stage strictly maintains the relative position of PLM termination along the body.
PLM termination, we ablated ALM during the L1 stage. There was no difference in L4 PLM neurite length beIn summary, the developmental profile of PLM outgrowth revealed three phases of outgrowth. In phase I, tween ALM-ablated and mock-ablated animals, although the experimental protocol caused a slight antefrom 0 to about 3 HPH, the PLM neurite grew rapidly across the body surface, ultimately terminating beyond rior shift in all PLM neurites ( Figure 4C ). The death of a neuron after laser ablation takes time, ALM. In phase II, from 5 to 11 HPH, the PLM process grew more slowly than the animal, resulting in the resoluand the ALM cell body in ablated animals was still present throughout the L1 developmental period, when the tion of overlap between ALM and PLM processes. In phase III, from L2 to adult, the PLM neurite grew at a overlap between ALM and PLM is resolved (Figures 4D-4F) . A starvation protocol was developed to shift ALM rate equal to that of the animal, maintaining a near- Figure 4G) (Figures 2A and 2C) . As in wildick, 2002), Schizosaccharomyces (Mor2) (Hirata et al.,  2002) , and other species ( Figure 5A ). SAX-2 and related type, growth of PLM neurites was rapid in the first 3 hr after hatching. The average growth rate of PLM neurites proteins do not have any conserved motifs detected by SMART, but analysis of the SAX-2 gene family using in sax-2 mutants exceeded the growth of the animal by 11.5-fold (compared to 9.3-fold in wild-type; Figure 2E ; the FUGUE sequence-structure homology recognition method (Shi et al., 2001 ) predicted that the first conthe difference was restricted to 2-3 HPH, the border with phase II). These results indicate that the overextension served domain might fold into a large number of armadillo/HEAT extended ␣-helical motifs (Groves and Barphenotype of sax-2 is not caused by precocious neurite initiation or a greatly increased rate in neurite growth ford, 1999). Sequence analysis revealed blocks of homology that were distributed in a total of five (fungal during the early phase of rapid outgrowth.
The overextension of PLM in sax-2 mutant animals clade) or six (animal clade) regions of SAX-2 separated by nonconserved linker regions ( Figures 5B and 5C ). became apparent in phase II. Instead of slowing after 3 HPH as in wild-type, the absolute length of the PLM Each of the three sax-2 mutant alleles was sequenced and found to create a premature nonsense codon in neurite in sax-2 continued to increase between 3 and 11 HPH (Figure 2A ). While the PLM/length ratio declined the predicted protein ( Figure 5B ). These mutations are recessive and likely to result in reduced sax-2 function, from 0.45 to 0.39 during phase II in wild-type animals, the PLM/length ratio of sax-2 mutants remained high at especially since early nonsense codons destabilize mRNAs and decrease protein levels (Pulak and Ander-0.47-0.49 ( Figure 2C) . Thus, the rate of PLM growth during this interval matched the overall growth of the son, 1993). However, all alleles spared the armadillo/ HEAT repeat motif, suggesting that some sax-2 function animal ( Figure 2E ), suggesting that sax-2 mutants prematurely entered the period of maintenance growth, might persist in these mutants. RNAi of sax-2 does not result in an obvious phenotype (http://www.wormbase. transitioning from phase I directly to phase III. These results indicate that sax-2 may be required during a org/). discrete phase of slowed or paused growth in PLM neurite extension. defect in ALM that represents a typical late maintenance During maintenance growth after the second larval function of sax-1 and sax-2 (Figures 6A-6E ). In contrast, stage (phase III), PLM grew similarly in wild-type and mec-4::sax-2 failed to rescue morphological defects in sax-2 mutant animals, matching the growth of the animal PVC neurons, postsynaptic targets of PLM in the mecha-( Figures 2C and 2E) . Thus, the overextension phenotype nosensory circuit (Figures 6G-6K ). These rescue results of sax-2 is not caused by aberrant reinitiation of active are consistent with a cell-autonomous role of sax-2 growth during later larval stages. within mechanosensory neurons. Since ALM has only a Our results suggest that sax-2 promotes dendritic tilminor effect on PLM neurite termination (Figure 4) , it is ing by eliminating overlap between ALM and PLM neumost likely that sax-2 functions in PLM neurons. rites in phase II. In wild-type animals, resolution of over-A small percentage of PLM neurites expressing the lap occurred during the mid to late L1 larval stage, rescuing mec-4::sax-2 transgene terminated premasuggesting that sax-2 functions specifically during that turely, a phenotype opposite to the phenotype of recesinterval. The function of sax-2 during a discrete period sive sax-2 mutants (Figures 6L-6O) . Specifically, 8% of development contrasts with the role of sax-1 and of Ex[mec-4::sax-2]; sax-2(ot10) animals had a severe sax-2 in the inhibition of secondary neurite formation.
sax-2 Functions Cell Autonomously
defect in which at least one PLM neurite terminated Secondary neurite formation in sax-1 and sax-2 mutant in the tail, posterior to PVM (Figures 6N and 6O ). To animals occurs in larvae and adults long after axons determine whether this early termination phenotype was reach their final targets (Zallen et al., 1999, 2000) . Thus, caused by excess SAX-2 protein, we examined PLM sax-1 and sax-2 have a maintenance function to prevent neurites in wild-type or sax-2 mutant animals bearing secondary neurite formation and a developmental functhe mec-4::sax-2 transgene. The percentage of animals with a severe early termination phenotype increased tion to inhibit primary neurite outgrowth. from 8% to 15% when the mec-4::sax-2 was present in could suppress the early termination phenotype, mec-4::sax-2 animals were compared to mec-4::sax-2; sax-1 the wild-type background ( Figure 6L ). This result suggests that early termination likely results from a doseanimals. The sax-1 mutation did not suppress the very early PLM termination caused by a mec-4::sax-2 transdependent increase in sax-2 activity.
In addition to causing infrequent termination events gene (p ϭ 0.721; n ϭ 239-245), but the longest PLM neurites in this strain were intermediate in length benear the tail, SAX-2 overexpression appeared to cause a significant overall decrease in the length of PLM neutween wild-type and mec-4::sax-2 PLM neurites (p Ͻ 0.001; n ϭ 120-152). This result indicates that SAX-1 is rites. The effect was evident even when considering only the longest PLM neurites that terminated near the vulva. not the only protein that mediates the effect of SAX-2 overexpression. This subset of PLM neurites was on average 20 m shorter in wild-type animals carrying the mec-4::sax-2 transgene than in wild-type animals lacking the transDiscussion gene ( Figure 6M ). These results suggest that the level of sax-2 activity can determine the site at which the PLM Direct observation of PLM neurite outgrowth reveals a surprising complexity in the process of termination, neurite terminates, with a high level of activity leading to premature termination and a low level of activity leaddefined by three phases. In phase I, PLM dendrites extended rapidly, bypassing the target region. In phase II, ing to overextension.
The kinase activity of sax-1 orthologs can be regulated dendrite outgrowth was inhibited until the termination point fell within the target region. In phase III, the growth by sax-2 orthologs (Nelson et al., 2003) . To ask if sax-1 The rescuing extrachromosomal array kyEx700 was used in this 36 HPH. study.
Cloning of sax-2
Laser Ablations sax-2 was mapped between the genetic markers unc-79 and lon-2 ALM neurons were identified by position and morphology under and placed between the cosmid clones F26A1 and K10D2 using Nomarski optics. In the first set of ablation experiments, ALM was single nucleotide polymorphism mapping. Two out of four lines stakilled within 90 min of hatching. Kills were confirmed by loss of ALM bly transmitting an extrachromosomal array of the cosmid F21H11 fluorescence of zdIs4 when PLM neurites were scored in the L4 rescued sax-2(ot10). The entire coding region of F21H11.2 and all stage. Control animals were unoperated animals of the same genoexon-intron boundaries were sequenced in k216, ot10, and cy13 type that were anaesthetized and recovered from the same slide as mutant alleles by amplifying PCR products of the sax-2 gene from operated animals. In a second set of experiments, starved, developmutant animals. The identification of mutations in each allele conmentally arrested L1s were laser treated between 3 and 5 hr after firmed the identity of sax-2.
hatching. After ‫84-63ف‬ hr of further starvation, laser-ablated and mock-ablated animals were given food, and PLM neurites were Alignment of SAX-2 Family scored in the L4 stage. To visualize an alignment of large proteins, and to aid in the assignment of N-and C-terminal boundaries of homology, we transformed
